Mutations have been inserted into the virion and complementary sense ORFs encoding proteins with MrS in excess of 9 kDa of both DNA A and DNA B of potato yellow mosaic geminivirus (PYMV). Wild-type and mutant monomeric clones were tested for their ability to replicate, produce PYMV-specific DNA, spread and cause symptoms in Nicotiana benthamiana plants following biolistic inoculation. Dimeric clones of the DNA A mutants were also investigated by agroinoculation of leaf discs. In contrast to N. benthamiana plants agroinoculated with PYMV DNA A, in which the wild-type DNA A component was capable of limited independent replication and spread, both excised DNA A and B components were required for DNA replication and symptom development in plants inoculated by the biolistic method. Mixtures of both genomic components were also infectious for potato plants following biolistic inoculation. Mutations in ORFs ALl, AL2, BR1 and BLl resulted in clones incapable of infecting N. benthamiana plants. However, the AL2 mutation, but not the ALl mutation, allowed viral DNA replication in leaf discs. Mutations to both the ARI and AL30RFs produced clones which were infectious in plants but showed a considerable delay in the production of attenuated symptoms as compared to wild-type infections. Mutating the AL30RF dramatically reduced viral DNA replication in both whole plants and leaf discs. Mutations to the AL40RF produced clones which were as infectious for both N. benthamiana and potato plants as the wild-type clones. Our results are compared with those from mutagenesis studies on related bipartite geminiviruses.
Introduction
Potato yellow mosaic geminivirus (PYMV) is a typical bipartite geminivirus originating from Venezuela and is the only geminivirus known to naturally infect potato (Roberts et al., 1986 (Roberts et al., , 1988 . The PYMV genome consists of two circular ssDNA species, designated A and B (Coutts et al., 1991) , with ORFs arranged in an organization similar to the genomes of other bipartite, western hemisphere geminiviruses such as tomato golden mosaic geminivirus (TGMV), bean golden mosaic geminivirus (BGMV) and abutilon mosaic geminivirus (AbMV) (Hamilton et al., 1984; Howarth et al., 1985; Frischmuth et al., 1990) .
Infectivity studies with cloned, monomeric PYMV DNAs established that both genomic components were required to produce a systemic infection of Nicotiana benthamiana Domin. plants following mechanical inoculation by abrasion (Roberts et al., 1988) . Following agroinoculation of N. benthamiana plants with dimers of the PYMV genome we demonstrated that both components were required to cause systemic symptoms of * Author for correspondence. Fax +44 17l 584 2056. e-mail r.coutts @ ic.ac.uk infection (Buragohain et al., 1994) but that similar to both African cassava mosaic geminivirus (ACMV) and AbMV (Klinkenberg & Stanley, 1990; Evans & Jeske, 1993a ) the PYMV A component replicated and spread independently in a limited fashion in N. benthamiana plants. Mixtures of the monomers or dimers of the complete PYMV genome were not infectious for potato, the natural host of the virus (Buragohain et al., 1994) , including the same potato cultivar (Desiree) that was successfully infected by grafting from systemically infected N. benthamiana plants (Roberts et al., 1988) . This observation suggested that the inoculum was not delivered to the correct site(s) to initiate infection and confirmed difficulties often encountered when re-introducing cloned geminivirus DNAs back into their original hosts (Gilbertson et al., 1991; Garz6n-Tinado et al., 1993) . Therefore we used a biolistic approach similar to that described by Gilbertson et al. (1991) to introduce cloned, monomeric PYMV DNA into N. benthamiana and potato plants and established infectivity in both hosts. We have also used biolistic delivery and N. benthamiana to assay a range of frameshift, insertion and deletion mutants in both components of the PYMV genome that resulted in the disruption of each ORF. We have also studied the replication of PYMV DNA A mutants in N. benthamiana leaf discs following agro-inoculation with dimeric constructs and the maintenance of the mutant viral DNA in systemically infected plants.
Methods
Clone construction. Recombinant DNA techniques were essentially as described (Sambrook et al., 1989) and restriction endonucleases and DNA-modifying enzymes were used as recommended by the manufacturers. The construction of the wild-type monomer clones of respectively PYMV DNA A in pEMBL18 (pMAH2) and DNA B in pBR328 (pMBN1) has been described previously (Roberts et al., 1988) . To introduce mutations into each of the ORFs it was necessary to reclone both PYMV DNA components into new or modified vectors. To mutagenize the AL2 and AL40RFs, using the Altered Sites in vitro Mutagenesis System (Promega), the PYMV A component was excised from pMAH2 with HindIII, recloned into HindIII restricted and dephosphorylated palter-1 phagemid and transformed into competent Eseherichia coli DH5~ cells. Two recombinant plasmids (pMAH3-1 and pMAH3-2), which respectively contained the PYMV DNA A component in the sense or antisense orientation were used to produce viral and complementary sense ssDNAs following infection with helper phage R408. To mutagenize the B component ORFs two new monomeric constructs of the B component were made. For the first construct, which was designed to take advantage of the unique BamH1 site in the BR10RF, the PYMV DNA B component was excised from pMBN1 with NcoI and recloned into a NcoI-digested, modified pBR328 plasmid (pBR328M) which had had its own unique BamHI site destroyed by digestion with BamHI and end-filling of the recessed 3' termini of the linearized DNA with the Klenow fragment of DNA polymerase I (Pharmacia). This new construct was named pMBN2. A second new PYMV DNA B monomeric construct was made to take advantage of the unique NcoI site (originally used to construct pMBN1) which is located within the BL10RF. To produce this construct the PYMV B DNA component was excised from pMBN1 by digestion with NcoI, and self-ligated after separation and purification away from the vector fragment. The ligation mixture was then digested with EcoRI and the gel-purified product ligated into EcoRI-digested pBluescript II KS(+) plasmid vector (pBSK+; Stratagene) and transformed into competent E. coli DH5~ cells to produce pMBE1. All new plasmid constructs were checked for the correct orientation and integrity of PYMV DNAs by restriction analysis.
Mutations were introduced into either the PYMV DNA A or DNA B containing plasmids to create either frameshifts, insertions or deletions in each of the putative ORFs on both DNAs encoding proteins with Mrs greater than 9 kDa. The linear genomic maps of the PYMV DNA A and DNA B components showing the restriction sites used to construct the mutants and the mutations themselves are shown in Fig. 1 .
The AR1 mutation was constructed by cleaving pMAH2 with NcoI at nt 339 prior to end-filling and religating to produce pARI-1. This construct contained a 4 bp insertion, created a NsiI site and maintained only the first 7 aa of the coat protein (CP) gene in frame, followed by an additional 11 aa from an alternate reading frame before reaching a termination codon. The ALl mutation was constructed by cleaving pMAH2 with XhoI at nt 2237, followed by end-filling and religating to produce pALl-1. This construct contained a 4 bp insertion, created a PvuI site, and maintained the first 124 aa of the ALl ORF in frame followed by 7 aa from an alternate reading frame before reaching a termination codon. The AL3 mutation was constructed by cleaving pMAH2 with BglII at nt 1153 prior to end-filling and religating to produce pAL3-1. This construct contained a 4 bp insertion, created a ClaI site and maintained 108 aa of the AL30RF in frame, followed by an additional 7 aa from an alternate reading frame before reaching a termination codon. Mutants in both the AL2 and AL40RFs were introduced into pMAH3-1 or pMAH3-2 by site-directed mutagenesis using synthetic oligonucleotides (Pharmacia) and the Altered Sites in vitro Mutagenesis System (Promega) according to the manufacturer's instructions. To produce the AL2 mutant, pAL2-1, a C to A substitution at nt position 1509 (underlined) was made in pMAH3-1 using the oligonucleotide 5' CTTAGACTGAGGTTGCTCC 3' (begin-. ning at nt 1518), which introduces a premature stop codon shortening the AL20RF from 129 aa to 32 aa. The AL4 mutant pAL4-1 was constructed using pMAH3-1 by substituting a T for an A residue at nt 2422 (underlined) using the oligonucleotide 5' CCACGTTCT-AATCCAGTTC Y (beginning at nt 2431). This introduced a premature stop codon at the N terminus of the AL40RF shortening the predicted AL4 protein from 85 aa to 8 aa. A second AL4 mutant, pAL4-2, was constructed using pMAH3-2 by substituting a G for a T residue at nt 2293 (underlined) using the oligonucleotide 5' GTCTTT-CTCTACATACGAC 3' (beginning at nt 2284). This introduced a premature stop codon in the middle of the AL40RF, which encoded 51 aa of the wild-type gene product (not shown). Both AL4 mutants encoded unaltered ALl ORF proteins.
Dimeric constructs of all the DNA A mutants were created after excision with HindIII and ligation into HindIII restricted pBinl9 as previously described (Buragohain et al., 1994) .
The BRI mutation (pBRI-1) was constructed by cleaving pMBN2 with BamHI at nt 1038, end-filling and religating. This resulted in a 4 bp insertion, created a ClaI site, and maintained 156 aa of the BR1 ORF in frame, followed by an additional 5 aa from an alternate reading frame before reaching a termination codon. One BL1 mutant (pBLI-1) was created by digesting pMBN1 with KpnI, which excised a fragment from the virus genome between nt 2056 and 2443, and subsequently religating the truncated DNA. This procedure removed the N-terminal region of the BL10RF including the initiation codon and the upstream untranslated region of the gone and its putative promoter (not shown). A second BL1 mutant, pBL1-2, was constructed by digesting pMBE1 with NcoI at nt 1903, end-filling and ligating. This was expected to produce a frameshift within the BL10RF by inserting 4 bp. However, sequencing revealed the actual addition of only 3 bp (encoding an S residue), which would result in the production of a protein 1 aa larger than the wild-type (294 aa).
Maintenance and inoculation of plants. Plants were maintained in accordance with the requirements of the Advisory Committee on Genetic Manipulation in an insect-free facility as previously described (Roberts et al., 1988) . Cloned wild-type and mutant DNAs were introduced into N. benthamiana and potato (Solanum tuberosum subsp. tuberosum L. cv. Desiree) plants by biolistic inoculation using a system similar to that described by Finer et al. (1992) . Tungsten particles (50 mg Sylvania no. 10) were sterilized in 95% ethanol (500 gl) for 30 rain prior to collection at the base of an Eppendorf tube by microcentrifugation. The tungsten particles were resuspended in a final volume of 500 ~tl of sterile distilled water after four washes in water. An aliquot of the tungsten particle suspension (25 gl) was mixed with the DNA for bombardment (5 lal, 1 gg/gl) together with CaC12 (25 gl, 2.5 M) and spermidine (10 lal, 100 mM) and the mixture was incubated on ice for 5 min. Usually, 25 gl of the supernatant was discarded at this stage. The PYMV DNA A-and DNA B-containing plasmids were digested with HindIII and NcoI or EcoRI (for the pBL1-2 plasmid), respectively, to excise the monomeric DNAs before adding to the tungsten particles. For bombardment, 2 lal of the DNA-coated tungsten particle suspension was placed in the centre of the filter screen in a disassembled syringe filter unit. The filter unit was reassembled and then screwed into a needle adaptor. Plants for inoculation were placed on adjustable shelves and shielded with nylon baffles (500 gm nylon screen; Tetko, USA) which were positioned 3 cm above the plant apex. A vacuum (ca. 29 inch mercury) was applied and the particles [__l Coutts et aL (1991) . Disrupted ORFs in the mutants are stippled and the positions of introduced restriction endonuclease sites are indicated. Blocked areas within the ORFs indicate aa from a different reading frame. To the right of the figure the names of the various mutants and the number of aa in the predicted wild-type and mutant proteins are given from the original truncated (or extended for pBLI-2) ORF plus fused aa from different reading frames.
discharged after helium gas (60 p.s.i.) was released following activation of a solenoid by a timer relay. Seedlings of N. benthamiana were usually inoculated at the four-to-five leaf stage. Potato plants were maintained as axenically grown material (Adams et al., 1985) and transferred at the four leaflet stage to soil in the greenhouse, 3 weeks before inoculation. Following inoculation, all plants were returned to the greenhouse to allow for virus replication and symptom development.
Leaf disc assay for viral DNA replication. The ability of cloned dimeric mutant PYMV A DNAs to replicate in agroinoculated leaf discs derived from N. benthamiana plants was assayed as described previously in accordance with established procedures (Horsch & Klee, 1986) . Leaf discs, incubated on precallusing media for 48 h at 25 °C under a 16 h photoperiod, were dipped into an overnight culture of the appropriate transconjugant and returned to the plates for a further 48 h. Leaf discs were then transferred to selective medium containing Augmentin (SmithKline Beecham Pharmaceuticals; 300 I~g/ml) and kanamycin (100 lag/ml) and incubated for a further 1-2 weeks.
Isolation and characterization of viral DNA forms. All plants (symptomless or otherwise) and leaf discs were assayed for viral DNA replication by dot blot analysis (Maule et al., 1983) . For Southern blot analysis, total cellular nucleic acids were extracted from leaves as described by Frischmuth & Stanley (1991) . Samples containing 5-10 gg total nucleic acids were analysed by agarose gel electrophoresis. Southern transfer to Hybond-N ÷ membranes (Amersham) was performed under alkaline conditions according to the manufacturer's recommendations. In some cases, the nucleic acid extracts were digested with restriction enzymes. Blots were probed with gel-purified, DNA A-specific (HindlII-XhoI 577 bp fragment, nt 1656-2232) and DNA B-specific (BamHI-NcoI 861 bp fragment, nt 1038-1898) probes. These restriction fragments (which are non-homologous) were radiolabelled by the method of Feinberg & Vogelstein (1983) .
Sequencing and PCR amplification. The nucleotide sequences of the mutants were determined by the dideoxy nucleotide chain termination procedure of Sanger et aL (t977) using appropriate primers. Maintenance of viable PYMV DNA A mutants was assessed using total nucleic acid extracts from infected plants and PCR amplification or, for those mutations which created restriction sites, digestion with the appropriate restriction endonuclease and Southern analysis (Buragohain et al., 1994) . For PCR amplification, leaf extracts were produced by grinding nitrogen pulverized tissue (0.5 g) in a buffer (1 ml: 10 mM-Tris-HC1 pH 7'0, 100 mM-NaC1, 10 mM EDTA, 1% SDS) prior to three extractions with 50 mM-Tris-HC1 pH 7.0, saturated phenol, nucleic acid precipitation and resuspension in water. For the AL4-1 mutant PCR amplification of viral DNA was performed essentially as described by Saiki et al. (1988) . Amplifications were performed in 100 [A1 volumes and contained 10 mM-Tris-HC1 pH 9.0 (at 25 °C), 50 mM-KCI, 0.1% Triton X-100, 1.5 mM-MgC12, 200 [AM each dNTP, 0"05 [AM of each primer [viral strand primer, 5' ATGATTCGA-TCTTAAATT 3'; nt 1057-1074; complementary strand primer, 5' TTCATCAAGCTTTGCAGAG 3'; nt2478-2460; a HindlII site (underlined) was introduced for cloning purposes (see below)], 100 ng total nucleic acid, 2'5 U Taq polymerase (Promega) and were overlayed with 100 gl mineral oil to prevent evaporation. Reactions were carried out in a thermal cycler programmed for 35 cycles. The cycling protocol consisted of 1 min denaturation at 94 °C, 2 min annealing at 50 °C and 4 min extension at 72 °C, except the initial denaturation which was carried out at 94 °C for 5 min. The amplified DNA (l.4 kb fragment) was purified from a 1% agarose gel, digested with HindlII and the 0'8 kb fragment (containing the AL4 ORF) purified from an agarose gel, ligated into HindlIl-restricted pBKS + and transformed into E. coli as described. Recombinant plasmids were sequenced with the universal reverse primer (5' GGAAACACAGCTATGACCATG 3") as described above.
Results and Discussion
Most previous investigations by mutational analysis on the role of western hemisphere, bipartite geminivirus ORFs in virus infection have used agroinoculation of whole plants and leaf discs as the means of assessing the effect of the mutations. Recently, Gilbertson et al. (1991) , Azzam et al. (1994) and Smith & Maxwell (1994) have used a biolistic delivery system to investigate mutants of BGMV. We have used a similar inoculation procedure to study PYMV mutants.
Biolistic inoculation with a mixture of both wild-type PYMV A and B DNAs was necessary to cause infection of both N. benthamiana and potato plants and separate inoculations with either individual component did not result in symptoms or replication (Table 1) . With potato plants biolistic inoculation with a mixture of excised A + B monomeric DNAs resulted in wild-type symptoms of PYMV infection 16 days later in 7/12 plants inoculated.
Plants bombarded with tungsten particles coated with mixtures of the undigested plasmids were not infected. In order to successfully infect plants it was essential to excise both wild-type, monomeric PYMV DNA components from the clones before biolistic inoculation (Table 1) . These results are consistent with those of Gilbertson et al. (1991) but conflict with a report of successful biolistic inoculation with the unexcised, monomeric cloned components of another bipartite geminivirus (Garzdn-Tinado et al., 1993) .
Previously we have shown that, similar to both ACMV and AbMV DNA A (Klinkenberg & Stanley, 1990; Evans & Jeske, 1993a) , agroinoculation of N. benthamiana with dimers of the PYMV DNA A component resulted in the independent replication and spread of the DNA in a proportion of the inoculated plants (Buragohain et al., 1994) . Biolistic inoculation of N. benthamiana plants with the PYMV DNA A component did not cause systemic infection (Table 1) but small amounts of virus replication in the cells into which the DNA was directly introduced may be undetectable and insufficient to spread from cell-to-cell and initiate a systemic infection. This result suggests that in the experiments reported previously with agroinoculated DNA A components infection was abnormal (with respect to a wild-type infection) and is clearly a function of the agroinoculation method.
Following biolistic inoculation with a mixture of the wild-type PYMV A and B DNAs, the time course of symptom appearance in both potato and N. benthamiana -6, 8 and 9) biolistically inoculated with excised mixtures of monomeric PYMV DNA A and wild-type B clones as described in Methods. Lanes 1-6 and lanes 8 and 9 were loaded with extracts from plants inoculated respectively with pMAH2+pMBN1 (wild-type), pMAH2 + pMBN1 (wild-type), pARI-I +pMBN-1, pAL3-1 +pMBN1, pAL4-1 +pMBNI, pAL4-2 + pMBN1, pALI-I +pMBN1 and pAL2-1 + pMBN 1. Nucleic acids were extracted from the youngest expanded leaves 16 days after inoculation apart from extracts in lanes 3 and 4, which were from plants harvested 6 days later. The blots were probed with a PYMV DNA A-specific probe as described in Methods. (Fig.  2 , lanes 1 and 2 respectively) was similar to that found with graft and mechanically inoculated plants respectively (results not shown). Similar signals were obtained when the blots were probed with either D N A A-specific (Fig. 2) or B-specific probes (results not shown). We consistently noted the production of larger amounts of ssDNA in potato plants (Fig. 2, lane 1) as compared to N. benthamiana plants (Fig. 2, lane 2) . The significance of this observation is not clear but might suggest that the natural hosts of geminiviruses may support virus replication in a more efficient fashion as compared to permissive experimental hosts.
We also used biolistic inoculation to examine the role of the various P Y M V D N A ORFs in virus replication and symptom formation by separately mutating each ORF. Representative results of at least three independent experiments with the mutants are shown in Table 1 . To examine the role of PYMV CP in systemic infection of N. benthamiana, HindlII-excised monomers o f p A R l -1 were biolistically inoculated into plants together with the NcoI-excised D N A B monomer. The mutant consistently induced mild, attenuated yellow mosaic symptoms as compared to wild-type symptoms. Additionally, a delay . Southern blot analysis of 10 ~tg total nucleic acids extracted from N. benthamiana leaf discs following agroinoculation with dimeric wild-type and mutant PYMV DNA A clones in pBinl9 as described in Methods. Lane 1 contains the linearized PYMV A DNA component, gel-purified from a HindIII digest of pMAH2. Lanes 2-8 were loaded with extracts from leaf discs agroinoculated with respectively dimers of pAL3-1, pALl-l, pARI-1, pAL2-1, pMAH2 (wild-type), pAL4-1 and pAL4-2. Lane 9 contains an extract of N. benthamiana leaf discs agroinoculated with pBinl9 alone. Nucleic acids were extracted 8 days after inoculation and the blots were probed as in Fig. 2 . Abbreviations for the DNA forms are indicated as in Fig. 2 .
of 6-7 days to the onset of symptoms was observed. Nucleic acid extracts of leaves inoculated with this mutant (Fig. 2, lane 3) contained similar amounts of both virus-specific ssDNA and dsDNA to those found in extracts of plants inoculated with wild-type D N A s (Fig.  2, lane 2) , but the distribution of dsDNA in the former was different and contained large amounts of linearized d s D N A and less supercoiled D N A than found in the latter. The reason why the AR1 mutant behaves in this fashion is not clear but some variation in the D N A preparations might result in an enhanced conversion of supercoiled forms to the open-circular and linear molecules because linearized dsDNA is absent from leaf discs agroinoculated with the same mutant (see below). The dimeric pARI-1 replicated similarly to wild-type dimeric PYMV D N A A in agroinoculated leaf discs; however, a reproducible reduction in the amounts of ssDNA was noted in extracts of discs inoculated with the mutant (Fig. 3, compare lanes 4 and 6) . These results are similar to those reported for a T G M V CP frameshift mutant (CP-3) in N. benthamiana except for the increased levels of linearized dsDNA found in whole plant extracts with PYMV. Our observations indicate that the P Y M V CP gene is not essential for viral D N A replication, systemic spread or symptom development but that it does play an unknown role in the timing and severity of symptoms. The pALl-1 and the pAL2-1 mutants (both excised with HindIII) were not infectious in whole plants when inoculated in combination with the NcoI-excised D N A B monomer (Table 1 ; Fig. 2, lanes 8 and 9) . However, the dimeric pAL2-1 (Fig. 3, lane 5) but not pALI-I (Fig. 3,  lane 3 ) supported DNA replication in agroinoculated leaf discs, yet the amounts of ssDNA but not dsDNA produced in the former were reduced as compared to leaf discs agroinoculated with DNA A (Fig. 3, lane 6) . These results are consistent with those found for TGMV, ACMV and AbMV where mutations to the analogous ORFs Etessami et al., 1991 ; Evans & Jeske, 1993b) gave essentially similar results. The ALl proteins are absolutely required for geminivirus DNA replication and their significant homology with the replication-associated proteins of bacteriophage and eubacterial plasmids (Koonin & Ilyina, 1992) suggests that the proteins may possess nicking, helicase and/or ligase activities (Timmermans et al., 1994) . The TGMV ALl protein auto-regulates its own transcription (Sunter et al., 1993) , binds to TGMV DNA at specific sites and possesses multifunctional enzymatic activity (Fontes et al., 1994) . It is not unreasonable to assume that the PYMV ALl protein functions in a similar manner.
Both the TGMV and ACMV AL2 gene products are transactivators that are necessary for the efficient expression of virion-sense, ARI(CP) and BR1 genes (Sunter & Bisaro, 1991 Haley et al., 1992) . The BL1 and BR1 ORFs encode proteins necessary for systemic infection by bipartite geminiviruses and may perform distinct and independent functions involved in viral DNA movement (Noueiry et al., 1994) . Our finding that the PYMV pAL2-1 mutant (in combination with the PYMV B DNA component) was not infectious for plants (Table 1 ; Fig. 2 , lane 9) is consistent with a failure to transactivate expression of the essential BR1 movement protein gene. Reduced amounts of ssDNA in leaf discs (following agroinoculation with pAL2-1) (Fig. 3, lane 5 ) may reflect regulational control of ssDNA synthesis or ssDNA degradation, which is not encapsidated as a result of a failure to transactivate expression of the CP gene. Recently, it has been shown that the AL2 proteins of dicot-infecting geminiviruses can complement mutants in heterologous viral genomes from both the western and eastern hemispheres (Sunter et al., 1994) . This result suggests that AL2 gene products of some dicot geminiviruses are interchangeable proteins that possess common function(s) and are probably not the primary specificity determinant of bipartite viruses.
Following the inoculation of N. benthamiana plants with a combination of HindIII-excised monomeric pAL3-1 and NcoI-excised B monomer DNA the plants showed delayed and attenuated symptoms as compared to wild-type infections (Table 1) . Nucleic acid extracts of these plants (Fig. 2, lane 4) and leaf discs agroinoculated with dimeric pAL3-1 (Fig. 3, lane 2) contained much reduced amounts of viral DNA as compared to the wildtype inoculated controls (respectively Fig. 2 , lane 2 and Fig. 3, lane 6) . These results are similar to those reported for TGMV Sunter et al., 1990) and ACMV (Etessami et al., 1991) . However, there was a marked reduction in DNA synthesis in leaf discs agroinoculated with the PYMV AL3 mutant as compared to the TGMV AL3 mutant which contained wildtype levels of viral DNA. How the AL3 gene product regulates geminivirus DNA replication is unknown but recent work suggests that the protein may, in a limited fashion, be interchangeable between different geminivirus subgroups (Sunter et al., 1994) .
Both of the monomeric AL4 mutants pAL4-1 and pAL4-2, after excision and co-inoculation with excised, monomeric B component DNA, produced infections that were indistinguishable from wild-type infections with respect to infectivity and symptoms (Table 1) and DNA replication (Fig. 2, lanes 5 and 6; Fig. 3 , lanes 7 and 8). Following PCR amplification and sequencing of the progeny DNA from these plants it was established that as with the other DNA A mutants neither mutation was repaired in the plants, at least after one passage (results not shown). The pAL4-1 mutant behaved similarly in potato plants and, following co-inoculation with excised B component DNA, as compared to wildtype infections there were no differences in infectivity, symptoms or DNA replication (results not shown).
An equivalent ORF to AL4 has been identified in several bipartite geminiviruses, including all the western hemisphere types examined to date . However, while mutations in the equivalent ORF of beet curly top virus caused symptom alterations, suggesting that it was expressed in plants , mutations in the N terminus of the TGMV AL4 ORF did not affect symptom development or DNA replication in N. benthamiana . Recent work with TGMV-based expression plasmids in protoplasts (Gr6ning et al., 1994) and with the in vitro transcription of plasmid-generated TGMV RNAs (Th6mmes & Buck, 1994) suggests that the AL4 protein is produced in abundance, at least in vitro and may contribute to suppressing AL 1 protein synthesis. A putative movement function for the tomato yellow leaf curl geminivirus C4 (analogous to AL4) protein has been reported (Jupin et al., 1994) and a role in symptom severity for tomato leaf curl geminivirus ORF C4 has also been demonstrated (Rigden et al., 1994) . Any putative in vivo function(s) of the equivalent PYMV AL40RF gene product remain to be established although this study suggests that the protein may not play an important role in either replication or symptom expression.
All three B component monomeric mutants, pBRI-1, pBLI-1 and pBL1-2, when excised with N¢oI and EcoRI (for pBL1-2) and co-inoculated with excised, monomeric A component DNA were not infectious in plants (Table 1) . However, it is likely that the mutant DNA B components do replicate in initially infected cells but are unable to facilitate the systemic spread of the mutant virus. It will be of interest to investigate the replication properties of these DNA B mutants (particularly pBL1-2 which has a single aa insertion and may have identified an important motif that is involved in movement) in leaf discs and protoplasts.
Because the positions, relative sizes, and derived aa sequences of the PYMV BR1 and BL10RFs resemble those of other bipartite, western hemisphere geminiviruses including the closely related AbMV and bean dwarf mosaic geminivirus (BDMV) (Evans & Jeske, 1993b; Hidayat et al., 1993) we reason that both ORFs are concerned with virus movement. However, whether the PYMV BR1 and BL1 proteins coordinate the movement of viral DNA across nuclear and plasmodesmatal boundaries as has been demonstrated for the BR1 and BL1 proteins of BDMV (Noueiry et al., 1994) remains to be determined.
In this study we have carried out an investigation into the contribution of the various ORFs of the PYMV genome to replication and symptom expression. We have also demonstrated for the first time that the cloned components of the PYMV genome do cause the disease in potato and that there is a biological difference between the biolistic and agroinoculation methods, at least for geminiviruses. The utility of the biolistic inoculation procedure to investigate mutations in individual ORFs has also been demonstrated. This approach is particularly useful as monomeric clones can be used and overcomes difficulties encountered in re-introducing geminiviruses back into their natural hosts. We now plan to extend these studies to investigating pseudorecombination and heterologous complementation between PYMV and closely related geminiviruses in both permissive and natural hosts using biolistic inoculation.
